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Abstract: Multiple-input multiple-output (MIMO) antennas with four and eight elements having
connected grounds are designed for ultra-wideband applications. Careful optimization of the lines
connecting the grounds leads to reduced mutual coupling amongst the radiating patches. The
proposed antenna has a modified substrate geometry and comprises a circular arc-shaped conductive
element on the top with the modified ground plane geometry. Polarization diversity and isolation
are achieved by replicating the elements orthogonally forming a plus shape antenna structure. The
modified ground plane consists of an inverted L strip and semi ellipse slot over the partial ground
that helps the antenna in achieving effective wide bandwidth spanning from (117.91%) 2.84–11 GHz.
Both 4/8-port antenna achieves a size of 0.61 λ× 0.61 λmm2 (lowest frequency) where 4-port antenna
is printed on FR4 substrate. The 4-port UWB MIMO antenna attains wide impedance bandwidth,
Omni-directional pattern, isolation >15 dB, ECC < 0.015, and average gain >4.5 dB making the MIMO
antenna suitable for portable UWB applications. Four element antenna structure is further extended
to 8-element configuration with the connected ground where the decent value of IBW, isolation, and
ECC is achieved.
Keywords: 4-elements; 8-elements; UWB; MIMO; ECC; isolation
1. Introduction
Wireless communications are getting popular at an astounding pace. The advance-
ment in technology is helping the devices in shrinking their size day by day. Wireless
communication when clubbed with various applications, such as medical, IoT, logistics,
and personal area communication, can help various groups of people in many ways. The
amalgamation can be very well-established with the deployment of WPANs that works on
the IEEE protocols.
Increasing the bandwidth of such networks allows for a higher data rate. Due to the
very broad frequency range spanning from 3.1 GHz to 10.6 GHz, ultra-wideband antennas
are the most promising way to reach large bandwidth. Designing a UWB antenna is a
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difficult challenge since it must be capable of providing a big band following Federal Com-
munications Commission (FCC) standards [1]. Multiple-input multiple-output (MIMO)
technology is a key for enhancing the channel capacity by using multiple antennas and
thus makes the antennas much more effective in densely populated areas by offering high
throughput and data rates in the order of Gigabits/s [2]. The associated challenges of
packing the elements closely while reducing the mutual coupling and achieving high
isolation are of great importance in MIMO antennas.
Separate ground helps greatly in achieving the isolation however common ground is
very much preferred to ensure the smooth operations of devices where antennas will be
embedded [3].Various 4- and 8-element MIMO antennas are proposed in [4–30]. In [4–13],
4-port MIMO antennas with separate ground are proposed however connected ground
configurations are considered for better commercial utilization of the MIMO antenna.
Researchers have proposed 4-elements connected ground UWB MIMO antennas
in [14–21]. In [14], a 4-port CPW fed orthogonally arranged MIMO antenna is proposed
having a bandwidth of 2.1–20 GHz however it has a notched band between 3.3–4.1 GHz
and 8.2–8.6 GHz frequency bands. An antenna structure with four triangular-shaped
monopole elements with a neutralization ring is proposed in [15] which spans from 138.21%
(3.1–17.3 GHz). The monopole arrangement in orthogonal and symmetrical fashion leads
to good isolation however the overall geometry gets complex due to the use of an additional
neutralization ring. A 4-port UWB MIMO antenna having IBW of 130.43% (2.8–13.3 GHz) is
proposed in [16] where rhombic-shaped identical monopoles are arranged orthogonally for
achieving polarization diversity and better isolation. However, notch bands are introduced
by using elliptical (CSRR) complementary split-ring resonator geometry. A reconfigurable
MIMO antenna (1.77–2.51 GHz) integrated with sensing antenna 164.28% (0.75–7.65 GHz)
for (CR) cognitive radio applications is proposed in [17]. The reconfigurability demands
supply voltage which makes it less useful for portable applications. A compact UWB MIMO
radiator having high isolation is presented in [18]. Stepped slots are utilized to realize the
compact structure which spans from 115.78% (3.2–12 GHz). In [19], a common ground
4-port monopole MIMO antenna is proposed. Antenna achieves good MIMO performance
however the bandwidth only spans from 58.63% (2.70–4.94 GHz). A 4-port MIMO antenna
with reduced mutual coupling by introducing a neutralization line technique spanning
from 96.47% (3.52–10.08 GHz) is proposed in [20]. The use of separate isolation techniques
leads to design and fabrication complexities. Orthogonal diversity in a 4-port UWB antenna
119.14% (3.8–15 GHz) is achieved by aligning the monopole elements towards four sides
of the substrate. The inclusion of ground stubs further helps in increasing the isolation
between elements [21].
Researchers have proposed 4-port MIMO antennas using conformable substrates [22]
and transparent materials [23,24] to make such antennas useful for their usage in locations
where space is a constraint. However, flexible and transparent antennas face problems due
to lower gain and efficiency.
The 8-port MIMO antennas may become impractical for their use in some scenarios
due to the increase in size. In [28,30], the compactness of design exceeds 0.6 λ while the
antennas proposed in [26,27,29,31] has a narrow bandwidth.
Therefore, in the proposed work, effective IBW of (117.91%) 2.84–11 GHz is achieved
which is greater than work proposed in [12,13,19,20], no notch band unlike [14,16], no com-
plex isolation mechanism [15,20,21], no active components [17], size of 0.61 λ × 0.61 λmm2
with satisfactory MIMO diversity parameter results thus making it commercially suitable
for its use in portable applications.
In this work, a 4-port MIMO structure with microstrip feeding method is proposed
for UWB applications. The microstrip feeding method is chosen in this work as it provides
lower losses and ease of connector interfacing enabling effective use of low-cost FR-4
substrate. Further the antenna provides high isolation without using any complex isolation
techniques in a connected ground configuration. The modified ground geometry helps
in achieving wider bandwidth and more importantly enhances the antenna effectiveness.
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Here, novelty lies in designing the main radiator of each antenna element which is a
symmetrical ground-coupled antenna and is mainly composed of a circular arc-shaped
monopole on the top side with modified ground structure coupled to the other grounds
on the bottom side. Notably, the proposed 4-port MIMO antenna is realized by symmet-
rically arranging the four identical antenna elements in a sequential rotational manner
for achieving good polarization diversity which is extended for 8-port MIMO antenna
configuration. Other typical MIMO antenna performances, such as ECC and CCL, are also
explicitly shown and validated by measuring the experimental values over the fabricated
prototype.
The paper is arranged as follows: Proposed 2-port, 4-port, and 8-port antenna ge-
ometry are explained in Section 2 followed by results and discussion in Section 3, MIMO
diversity parameters are explained in Section 4, time domain analysis in Sections 5 and 6
concludes the work.
2. Antenna Configuration and Parametric Study
The antenna geometry (top and bottom) of a single element that is a part of a 4-element
antenna is visible in Figure 1a,b. A circular arc-shaped structure on the top and a modified
ground plane on the backside is simulated over the FR4 (Flame Retardant-4) substrate. The
modified ground plane consists of an inverted L strip and semi-ellipse slot over the partial
ground. The perspective view of the antenna as shown in Figure 1c shows the conductive
part (patch and ground) printed over the substrate of a thickness (T) 1.6 mm.
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(dimension in m). Flame Retardant (FR).
The ant nna is valuated to check the effect on the refle tion co fficient by varying the
radius and p sition of the uppe circle, as show in Figure 2a,b. The variation of the upper
circle radius (aa) (Figure 2a) affects the reflection coefficient levels majorly near the lower
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and upper part of the frequency band; however, the middle region is slightly affected. The
value of the upper circular radius (aa) is chosen as 6 mm for wider bandwidth between the
bands spanning from the semi-ellipse slot in terms of minor and major axis.
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in the position of the upper ircle will ultimately increase or decrease the arc formed over
the lower circle since the upper circle i subtracted from the lower one. The optimized
position of the upper circle before subtracting it from the lower circle is s lected as 0 m.
By variation of the ground plan length as show in Figure 3, it is observed that the
impedance bandwidth significantly increases. The reflection coefficient of the resonating
peaks is also affected. By increasing the length of the conductive region of the ground
plane, the impedance bandwidth increases. The value of ground plane length is chosen as
13.5 m for attaining the best performance.
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Figure 5. Resonator geometry of 2-element MIMO (a) case 1 (b) case 2 (dimension in mm).
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Four element MIMO design is realized by arranging the single element to form
a plus-shaped structure. Orthogonal, as well as spatial diversity, along with separate
ground is first attained as shown in Figure 6a. Since the applicability of the MIMO
antenna with separate ground is very limited, the plus-shaped structure is modified to
accomplish a connected ground 4-element MIMO. The antenna elements are symmetrically
and rotationally placed in a manner so that it occupies low surface area while achieving
pattern diversity. Concerning the element at port 1, the element at port 2 is rotated in an
anticlockwise direction along the horizontal axis while the element at port 3 is mirrored
along the vertical axis, and lastly, the element at port 4 is rotated clockwise along the
horizontal axis. The connection between the ground planes is carefully chosen for isolation
level below −15 dB, which is visible in Figure 6b.
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The current geometry helps the an nna o be inserted in the systems where per-
fect square-shaped space is unavailable and can be accommodated easily between the
circuit leme s. The fabricated front and back vi w of th UWB 4-element connected
ground MIMO antenna is illustrated i Figure 7a,b which is analyzed for MIMO diversity
performance in the next section.
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Finally, an 8-element MIMO antenna is simulated as shown in Figure 8a,b where
Figure 8a has a separate ground plane, and Figure 8b has connected ground. Additional
four elements are added to the existing 4-element MIMO structure to achieve 8-element
MIMO where two different cases are presented. Case 1 (Figure 8a) shows an 8-element
structure without connected ground while in case 2 (Figure 8b), all the ground plane of all
the elements is connected from the bottom side by carefully choosing the connecting lines.
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The analysis in terms of S parameters, current distribution, radiation patterns, gain,
efficiency, and MIMO diversity parame ers are discussed in the next section for the config-
urations shown he e.
3. Results and Discussion
The reflection coefficient analysis of the basic element shows that the antenna covers an
impedance bandwidth of (76.29%) 3.19–15.32 GHz where close correlation with simulated
values is observed as illustrated in Figure 9.
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i s the experimental values of 4-el ment-connected ground S parameters.
The orthogonal placement of elements (1–2, 23, 34, and 41) leads to isolati n >16 dB between
the proposed bands. The isolation value is >12 dB is achieved betwe n the elements placed
in a mirrored fashion. It increases above 15 dB aft r 3.8 GHz. The orthogonal element
placement ensures good isolation due to lower mutual coupling and the orthogonally
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polarized patterns. Higher isolation among elements placed in a mirrored position is due
to the spatial separation. A decent agreement between simulated and experimental values
is visible from Figure 12.
To comprehend the isolation mechanism, the current distribution is observed at
3.1 GHz, 4.70 GHz, 6.90 GHz, and 9.5 GHz in 4-element-connected ground structure as
depicted in Figure 13a–d, respectively. While carrying out the analysis, Port 1 is excited
while other ports are terminated with a 50 Ω load. The field intensity at four resonant
peaks suggests that isolation is very good with a negligible amount of coupling occurring
between the inter-elements.
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4. MIMO Diversity Analysis
Antenna characterization for diversity performance is carried out using the ethod
suggested in [31–33] as the antenna is proposed for its use in I applications.
4.1. Envelope Correlation Coefficient (ECC)
ECC is a very essential parameter for measuring the diversity performance of MIMO
antenna. It indicates how radiations of each antenna element are independent of each other
in a practical environment where the signals of transmitter and receiver are multipath
fading signals.
The ECC of two antenna elements is estimated by using the below equation and
graphically illustrated in Figure 18.
ρe =
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To verify the effect of TARC on impedance bandwidth, the proposed four-port MIMO
antenna is integrated with an ideal phase shifter where a scan angle is varied from 30◦
to 180◦. From Figure 18, it is visualized that for all scanning angles the TARC value lies
below −10 dB confirming that all the delivered power is accepted by another antenna
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element without affecting the impedance bandwidth of the proposed four-port MIMO
antenna. Therefore, this also validated that the proposed four-port MIMO antenna is also
an attractive applicant for integration with a phase shifter.
4.3. Mean Effective Gain (MEG)
The MEG is another essential diversity performance parameter for the characterization
of MIMO antenna in wireless channels. MEG determines the ability of the antenna element
to accept an electromagnetic signal in the presence of affluent multipath fading signals.
Therefore, Figure 20 illustrates the ratio of the mean received power to mean incident
power of antenna elements. Each MEG ratio closer to 0 dB throughout the operating bands
confirms that each antenna element is a suitable candidate for UWB MIMO applications.
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less than 0.02. This validates that the MIMO antenna has uncorrelated far-field patterns.
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In order to check the time domain response of the proposed antenna, the transmission
coefficient (S21) of experimental set-up was simulated and shown in Figure 24. It is
inspected that, proposed antenna exhibits the magnitude of the transmission coefficient
(S21) below −25 dB over the entire operating bands.
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Through the investigation of the time domain behavior of the proposed antenna, it
can be conclude that the proposed antenna has linear transmission characteristics with
lower transmission coefficient and stable group delay across the operating band’s interest.
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This confirms the applicability of the proposed antenna for UWB operations employed in
wireless devices.
Table 1 shows the comparison of the proposed 4/8-element UWB antenna with other
UWB MIMO antennas. The proposed 4/8-element antenna exhibits low profile as compared
to most of the 8-port MIMO antennas, high IBW, isolation >15 dB without using any
complex isolation or decoupling techniques, high gain as compared to all the existing state
of Arts, and permissible MIMO diversity performance that makes the antenna commercially
viable for portable UWB applications.
Table 1. Comparison of proposed 4/8 elements UWB MIMO antenna with other UWB MIMO antennas.
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[15] 4 0.77 λ × 0.77 λ 3.1–17.3 >13.5 Neutralization Ring 5.6 <0.1
[16] 4 0.67 λ × 0.67 λ 2.8–13.3 >18 Rectangular Strip 6 <0.06
[17] 4 0.15 λ × 0.3 λ 0.75–7.65 >12 Not used 3.2 <0.24
[18] 4 0.45 λ × 0.26 λ 3.2–12 >22 Not used 4 <0.5
[20] 4 0.56 λ × 0.39 λ (3.52–10.08) >22 Neutralization Line 2.91 <0.04
[21] 4 0.44 λ × 0.44 λ 3.8–15 >15 Ground Stubs 3 <0.07
[26] 8 1.65 λ × 0.82 λ 4.95−5.05 >10.5 Spatial Diversity 0.8 –











[29] 8 0.56 λ × 1.13 λ 2.5−2.6 >15 Eight grounded Slits 0.7 <0.2
[30] 8 0.75 λ × 1.5 λ 3.3−6 >11 Not used – <0.1
[31] 8 0.85 λ × 0.85 λ 3−10.6 >15 Rectangular stub 4.8 <0.2




>15 Not Used 7.2 <0.02
6. Conclusions
A four-element connected ground UWB-MIMO antenna with modified substrate
geometry, and the defected ground is presented in this article. The low profile of the
antenna is achieved using substrate shape which is different than the conventional square
shape. The key parameters of the 4-element antenna are analyzed using simulation and
experiment in terms of |S11|, radiation patterns, isolation, gain, and MIMO diversity
parameters. A decent agreement is observed between the results. Connected ground helps
the MIMO antenna for its use in commercial applications moreover defected structure
with inverted L-shaped strip, and slotted semi ellipse at the ground plane helped in
accomplishing the wideband performance. Isolation between elements >16 dB is achieved
by orthogonally placing the antenna elements. The proposed low profile 4-elements UWB-
MIMO antenna structure achieves wide IBW, stable gain, omnidirectional patterns, higher
isolation, and decent diversity properties. The extended connected ground 8-element
Electronics 2021, 10, 1476 18 of 19
MIMO antenna also illustrated wide IBW, satisfactory isolation levels, and ECC that makes
it a good candidate for portable UWB-MIMO systems.
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